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TiO,(B) obtained from K,Ti;O4 by hydrolysis and subsequent heating is a semiconductor whose crystal
structure allows the insertion of guest atoms. Photoelectrochemical experiments characterized the poly-
crystalline material as n-type with an energy gap of 3 eV. As a result of electrochemical reduction of
protons at TiO,(B)-electrodes new electronic states appear within the energy gap, making the semi-
conductor sensitive for visible light. These states originate from intercalated hydrogen which diffuses
through the sample. Upon optical excitation of these states an anodic photocurrent is observed that can
be interpreted as light-induced deintercalation of hydrogen from TiO,(B) to give protons.

1. Introduction

It is well-known that nature has evolved energy
transducing membranes in which solar energy is
used to pump protons for the purpose of electro-
chemical energy storage. The purple membrane of
halobacterium halobium as well as the photosyn-
thetic membrane of green plants are examples of
this mechanism which is actually explained by the
framework of the chemiosmotic hypothesis
(Mitchell) [1, 2].

Model systems aimed at reproducing such light-
driven proton pumps have already been discussed
[3]. A reasonable way to transfer ions across an
interface between liquid and condensed matter
with the help of light energy would seem to be
light-induced intercalation/deintercalation of semi-
conducting host materials. This mechanism is
based on the fact that intercalation and deinter-
calation of many electrode materials can be per-
formed by electrochemical reduction and oxi-
dation, respectively [4]. Since many host materials
suitable for intercalation are semiconductors (e.g.
Z21S,, ZrSe,, HfS,, HfSe,, MoS,, WS,, FePS; and
MoSe,), the ion transfer mechanism can in prin-
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ciple be stimulated by light. The most attractive
electrolyte for the intercalation and deinter-
calation of protons is water. Unfortunately, aque-
ous electrolytes are little suited to ion exchange
with the above mentioned host materials. One
reason is the co-intercalation of water products
which makes intercalation partially irreversible
and leads to corrosion. Another reason is the
danger of partially reducing the host electrodes
with formation of H,S and H,Se, respectively [5].
During the search for new materials with which
these difficulties can be avoided, it was concluded
that the new modification of TiO,, named
TiO,(B), might be suitable for this purpose.
TiO, (rutile) has been extensively studied as a
semiconductor for photoelectrolysis of water. It
proved to be a reasonably stable material [6-8].
Several authors have reported the electro-
chemical charging and discharging of TiO, (rutile)
with hydrogen [9-13]. ESR-measurements, capa-
city measurements and electrochemical kinetic
experiments have been presented in support of
models on a hydrogen bronze of TiO, [14]. Elec-
tron stimulated desorption measurments show
that electrochemical doping with hydrogen
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occurs in a layer of approximately 100 um at the
electrode surface [15]. Both hydrogen on inter-
stitial sites and the protonic form have been pro-
posed to exist in TiO, (rutile) [13]. Incorporation
of hydrogen into TiO, (rutile) turns the colour of
the sample into a characteristic blue [11]. The
colour change, however, does not mean that the
spectral dependence of photocurrents at TiO,
(rutile) shifts into the visible region, since the
change of colour is caused by free carrier absorp-
tion. A sensitivity change of the UV-photocurrents
has, however, been reported.

An attempt was made to induce these reactions
with light at TiO,(B)-electrodes. This perovskite-
related modification of TiO, was investigated and
was found to provide cavities and channels which
considerably improve the conditions for insertion
and transport of hydrogen or other small cations
[16].

2. Experimental details

2.1. Material

'TiO,(B), a white compound, had been prepared by

hydrolysis of K, Ti;Og followed by filtration and
thermolysis. TiO,(B) has a perovskite-related
structure [17]. Perovskite-type structures charac-
teristically contain cubo-octahedron cavities which
are often occupied by cations such as Cu?*, Ba®*
and Na* or Li*. This cavity is vacant in a number
of compounds typified by ReO; [18]. TiO,(B) can
be considered as a material which is built up of
ReOj;-type units. The idealized three-dimensional
framework of TiO,(B) is shown in Fig. 1.

2.2. Sample preparation

Electrodes were made by pressing TiO,(B)-powder
at room temperature into discs of diameter 4 mm

and of thickness 0.5 mm. The pressure at this temp-

erature was below the value at which the TiO,(B)-
modification changes into anatase [18]. At 400° C
the pressed samples were sintered in an evacuated
glass tube (4 x 107 mb) for 48 h. Fig. 2 shows the
polycrystalline structure of the samples produced
by this method. From the sign of the Seebeck
coefficient measured with a hot probe (GCA, Solid
State Measurements) the material was identified as

n-type.

B [Ti][0]

C [ollol

Fig. 1. Projection of the idealized structure of TiO,(B)
along [010]. The structure can be regarded as composed
of planes A, B, C in a sequence [(BAAB),C],. Plane A
contains oxygen ions and titanium vacancies; plane B
contains oxygen and titanium ions and plane C consists
of oxygen and titanium vacancies [19].

Ohmic back contact was made by an indium-
mercury alloy. The samples were fixed with silver
paste (3M) on to an electrode holder of brass.
For the experiments the electrode surface was
left in its native state without polishing or
etching to avoid damage of the sintered micro-
crystalline structure. The sides of the disc and the
brass centre of the electrode holder were electric-
ally isolated with epoxy resin (3M Scotchcast).

The experimental set-up shown in Fig. 3 con-
sisted of two.compartments separated by a PVC
plate. A TiO,(B)-sample was put onto a hole in the

Fig. 2. SEM-photo of a pressed and sintered TiO,(B)-
electrode.
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Fig. 3. Two compartment electrochemical set-up. Both
compartments are separated with a PVC plate. The
TiO,(B) electrode is mounted onto a hole in the centre
of the plate.

centre of the PVC plate and electrically contacted.
This was achieved in the following way: the
Ti0,(B)-sample was glued with silver epoxy onto a
ring of silver foil. A silver wire was welded onto
the foil which was then glued onto the PVC plate
and electrically isolated with epoxy resin leaving
only the front and back surface of the TiO,(B)-
electrode free for contact with the electrolytes.
With an aqueous solution of 0.1 mol dm™
K,504 the electrical resistance between the two
cells measured with a platinum electrode was that
of the TiO,(B)-electrode itself, which showed the
absence of an electrolytic contact between the
cells. A further test for the absence of an electro-
lytic leak was made by filling one cell with a satu-
rated K,SO, solution and the other with concen-

trated BaCl, solution. After several hours no
BaSO, was found in either compartment.

Thus the only way electronic and ionic current
as well as elements (e.g. H) could pass from one
cell to the other was through the TiO,(B)-
electrode.

2.3. Experimental set up

Photoelectrochemical experiments were performed
in a standard three electrode cell with a Pt-
electrode as counter and a Hg,SO4-electrode
(Metrohm) as a reference electrode. The exper-
iments were performed in an aqueous 0.1 mol
dm™H,S0, solution or in an 0.1 mol dm ™ tetra-
ethylammoniumperchlorate (TEAPC) solution. In
the H,S0, solution the pH was adjusted by adding
H,80, or KOH.

Cyclic voltammograms were obtained with a
potentiostat (Bank POS 73). As light sources
either a 450 W Xe lamp (Oriel) or an argon ion
laser (Model 165 Spectraphysics, A = 514.5nm)
were used. Photocurrent spectra were obtained
with a high-intensity monochromator (Bausch and
Lomb) equipped with a grating blazed at 700 nm.

3. Results

A typical cyclic voltammogram of a polycrystal-
line TiO,(B)-electrode is presented in Fig. 4 which
shows a marked hysteresis. This corresponds to the
time dependence of both anodic and cathodic dark
currents. At a constant negative potential cathodic
dark currents gradually decrease with time.

If the potential of the electrode is then fixed at
a more positive value, an anodic discharge current
starts to flow which also decreases with time. The
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Fig.4 Cyclic voltammogram of a TiO,(B)-
electrode in a 0.1 moldm™ K,S0O, (ag)
solution. The scan rate was 20 mV s™*.
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Fig. 5. Spectral dependence of photocurrents for different
applied electrode potentials are measured against a
Hg,SO, reference electrode. At each potential the elec-
trode was allowed to reach equilibrium. Each of the
spectra is normalized.

TiO,(B)-electrode proved to be stable during many
cycles so that the observed currents cannot be due
to corrosion. Since potassium could be excluded as
a possible reactant through the replacement of
H,S0,4 by TEAPC only hydrogen interacting with
TiO,(B) needs to be considered as the cause for
the pronounced hysteresis. This is also confirmed
by the pH-dependence of the onset of the cathodic
dark currents, which attributes these currents to
proton reduction.

The photoelectrochemical behaviour of
TiO,(B) proved to be relatively complex; the fol-
lowing experiments however suggest that it arises
essentially from two fundamentally different con-
tributions:

(a) a photocurrent generated as a consequence
of absorption of UV-light in the bulk of TiO,(B)
and

(b) a photocurrent which arises after hydrogen
has been intercalated into the electrode and which
could also be generated by visible light.

One evidence for the participation of two different
photoelectrochemical mechanisms is the pro-
nounced variation of the spectral dependence of
photocurrents with the applied electrode potential
(Fig. 5). When a positive potential (+ 0.5V vs
Hg,S0,) is applied to the TiO,(B)-electrode in the
equilibrium situation photocurrents can be excited
only with UV-light. From the position of the
absorption edge an energy gap of approximately
3.0¢eV can be deduced. The occurrence of anodic
currents is well in agreement with the n-type

character of the material determined with
Seebeck-effect measurements. Since no corrosion
became evident through prolonged operation

(3 x 10*> Coulomb), it was concluded that the
photocurrent involved the oxidation of water as in
the case of TiO, (rutile).

When a negative potential (£, =— 1.5V vs
Hg,S0,) is applied to the TiO,(B)-electrode
another kind of anodic photocurrent is observed.
It starts at smali values and graduaily increases
with time until it reaches a saturation value
(Fig. 6a). In a steady state situation the spectral
distribution of this photocurrent is considerably
shifted towards longer wavelengths (Fig. 5). A
relation of this photoresponse to the insertion
of hydrogen as a consequence of proton reduction
is not only indicated by the potential range in
which it occurs but also by a simultaneous
decrease of the cathodic dark current, which is
characteristic for intercalation mechanisms in
which transport becomes a limiting factor.

A TiO,(B)-electrode previously charged in
the negative potential region retains its altered
spectral sensitivity for some time after changing
the electrode potential to smaller values, where a
discharge of the electrode becomes possible. There
is, however, a gradual decay of both anodic dark
current and anodic photocurrent (Fig. 6b). That
portion of the photocurrent spectrum that finally
remains can be excited only by UV-light.

Fig. 5 shows that in an equilibrium situation the
spectral sensitivity changes gradually with the elec-
trode potential as long as a cathodic dark current
is flowing. This change of the spectral response of
the photocurrent is accompanied by a change in
the absorption of the Ti0,(B)-electrode. The
colour of the electrode turned from white to blue
when the potential was shifted from + 0.5 to
— 1.5V. As a consequence of such a potential dis-
placement, the reflected intensity of 514.5nm
laserlight decreased by 5%. The quasi-stationary
photocurrent behaviour (potential steps of 0.1 V
with 10 resting) of TiO,(B) is shown in Fig. 7
with xenon-ight and in Fig. 8 with iaser light.

An anodic saturation current is reached at a
positive voltage. During sweeping to more negative
potential values the anodic photocurrent drops
with a pronounced hysteresis (see Fig. 8). In this
case the characteristic shape of the photocurrent—
voltage curve arises from photoeffects generated
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both by UV and visible light. Part of the UV-
photoeffect is due to anodic photo-oxidation of
water. The photocurrent induced by visible light

is only observed after proton insertion at negative
potentials and disappears at more postive poten-
tials. This photocurrent is shown separately in
Fig. 8 where 514.5 nm laserlight was used for exci-
tation. In this case the photoresponse is bigger at
negative potentials where proton insertion is
occurring. The behaviour of TiO,(B) at two differ-
ent pH-values has been compared. In a qualitative

way the photocurrent shifts parallel to proton
reduction.

In order to support the suggestions that electro-
chemical hydrogen insertion into TiO,(B) is
responsible for the photoeffect in the visible spec-
tral region the set-up of Fig. 3 was used for the
following tests. A TiO,(B)-sample was prepared as
an electrode plate of 0.5 mm facing the electro-
lytes of two independent electrochemical cells (I
and IT). The idea was to insert hydrogen electro-
chemically by activating circuit II to allow hydro-
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density on the applied electrode potentiai.
The electrode was illuminated with a 450 W
Xenon lamp.
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Fig. 8. Photocurrent-voltage curves at an TiO, (B)-elec-
trode for different pH-values. The TiO, (B)-electrode was
iluminated with laser light (A = 514.5nm, / = 324 mW
cm™2). A, B, C, D show the photocurrent density in

cell I of the experimental design of Fig. 3 after having
applied — 1.8 V versus Hg, SO, at the electrode in cell IT
for different time intervals.

gen to diffuse to the opposite TiO,(B)/electrolyte
interface and to use the principal circuit I to
detect photocurrents generated with visible light.
At first a potential of — 0.5V was applied to the
electrode surface facing cell I1. Under this con-
dition anodic photocurrents excited by visible
light (514.5 nm) went close to zero (A in Fig. 8a).
Circuit II remained open during this period of con-
ditioning. Then circuit I was switched off and left
under open circuit conditions. Subsequently a
potential of — 1.2 V vs Hg,S0, was applied to
the TiO,(B) surface facing cell II. Circuit I was
reactivated and photoeffects measured at — 0.5V
vs Hg,S0, with 514.5 nm laserlight. This pro-
cedure was repeated for different periods of
electrochemical insertion of hydrogen through
circuit II. A clear increase of the photoeffects at
514.5 nm was subsequently observed on the
opposite sample surface. This increase is indicated
in Fig. 8a for hydrogen insertion periods of 1 min,
10 min and 30 min, respectively.

The dependence of photocurrents generated
with the laser (A = 514.5 nm) light intensity has

been measured at different electrode potentials
(—15V,—14V,—13V,and— 1.0V s
Hg,S0,). They correspond to conditions of differ-
ent rates of hydrogen intercalation. The results
are shown in Fig. 9. A linear behaviour and no
saturation is observed at potentials more negative
than — 1.0 V vs Hg, SO, for lignt intensities up to
1.1 Wem™. The determination of the flat band
potential of TiO,(B) by capacity measurements
has been attempted. The capacitance-voltage
curves could not be analysed in terms of a Mott-
Schottky plot. One reason may be the large
amounts of defects and surface states in-the poly-
crystalline material. There was a pronounced
hysteresis in the C-V curves when sweeping the
potential from negative to positive values and
back. The capacitance increased when the elec-
trode was held at negative potentials. This
increase may be due to extra positive ionic
charges within the space charge layer arising from
ionized hydrogen.

4. Discussion

The experimental evidence presented suggests the
coexistence of two different mechanisms of photo-
current generation in TiO,(B). There is a photo-
effect which is due to absorption of UV-photons
which are exciting electrons from the valence band
to the conduction band of TiO,(B). This mechan-
ism can at positive potentials induce photo-
oxidation of water and should not be discussed
further because of its parallelism to TiO, (rutile).
The second kind of photoeffect arises as a conse-
quence of electrochemical hydrogen intercalation.
It is characterized by the generation of electronic
states in the forbidden energy gap of the material,
accompanying the diffusion of hydrogen through
the electrode. The experiment with a thin TiO,(B)
sample between two separate electrolytes does not
seem to permit other interpretations. The revers-
ible generation and suppression of photoeffects in
the visible spectral region as well as the fact that
additional photoeffects can be generated cannot
be explained without assuming such electronic
states in the forbidden energy gap. At present a
reasonable model for the generation of these states
on the basis of a chemical interaction between
intercalated hydrogen and TiO,(B) cannot be pro-
vided. The energy scheme of Fig. 10 shows the
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two electrolytic interfaces of a thin TiO,(B)-
plate as mounted in the electrochemical set up
with two adjacent cells of Fig. 3. Electrochemical
intercalation of hydrogen generates intercalation
states in the forbidden energy region of the semi-
conducting host material. These states must be
occupied by electrons since the Fermi level is only
a little distance below the conduction band.
Experimentally it has been confirmed that both
the negative and positive potential regions
ionization of these states are accompanied by the
generation of an anodic photocurrent. As Fig. 10
indicates, this phenomenon can be interpreted in
terms of a light-induced deintercalation of hydro-
gen. Protons separated from their electrons are
forced to leave the electrode surface. In the pres-
ence of a positive space charge layer (left interface
in Fig. 10) such a mechanism can be easily
imagined. In the case of a negative space charge
layer anodic photocurrents are occurring simul-
taneously with electrochemical intercalation of
hydrogen. Under such conditions a high concen-
tration of intercalation states can be assumed
very close to the electrode surface. From these
states protons do not have to overcome large
potential barriers during their light-induced trans-
fer into the electrolyte.
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514.5 nm) was used as a light

Intensity /mW cm™ source.

Our experiments and theoretical considerations
suggest the possibility that generation of hole/
electron pairs in the energy band of the host
material by UV-photons equally triggers the
deintercalation of hydrogen to give protons. In
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Fig. 10. An energy band scheme of the experiment
showed in Fig. 3. Intercalation of hydrogen at the right
side of the TiO,(B)-electrode creates electronic states in
the energy gap. Hydrogen atoms move to the left side of
the electrode creating there also midgap states. From
these states electrons can be excited with visible light
into the conduction band of TiO,(B). The protons are
released into the electrolyte. It is also possible that holes
created by UV-photons in the valence band trap electrons
from the intercalation states which also leads to a deinter-
calation of hydrogen. '
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this case electrons on intercalation states would
recombine with holes in the valence band of
TiO,(B) in a primary step followed by a release of
protons into the electrolyte. The main evidence
for such a mechanism is the increase of the photo-
current efficiency towards the UV bulk absorption
in the case of a negative electrode potential

(— 1.5V vs Hg,S0,).

Since the spectral dependences in Fig. 5 have
been normalized, it has to be emphasized that
absolute efficiencies at + 0.5V reach only 5% of
the value at — 1.5 V (quantum efficiency
p(—1.5V)=3x1072,¢(+0.5V) =14 x107).
The photoeffect associated with hydrogen deinter-
calation is thus much more pronounced than the
anodic bulk photoeffect of sintered TiO(B) up
to an electrode potential of + 0.5 V. More exper-
imental studies will be needed to further clarify
the origin and mechanism of visible light-
photoeffects in TiO,(B). Several observations
are in agreement with the assumption that
proton reduction at this material is followed by
both an insertion of neutral hydrogen and of
protons (with electrons in the conduction band
of Ti0,). The first species contributes to the long
wavelength deintercalation photocurrent, the
second to the deintercalation’dark current.

Although it is evident that much more infor-
mation is needed on photoeffects at semicon-
ductor electrodes associated with intercalation
and deintercalation of guest molecules, it already
seems to be clear that they deserve further investi-
gations with respect to several possible appli-
cations: storage of solar energy in intercalation
compounds, the light-induced pumping of ions
across membranes, the storage of optical infor-
mation and electrochromic devices.
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